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Introduction
Cystic fibrosis (CF) is caused by mutations of the cystic fibrosis transmembrane conductance regulator (CFTR) and constitutes, with 1 case per 2500 births, the most common autosomal recessive disorder in the EU and the USA [1, 2] . In the EU, approximately 40 000 children and young adults are affected. The genetic defect of the CFTR molecule results in several clinical symptoms, in particular pulmonary and gastrointestinal problems. Gastrointestinal symptoms include the defective secretion of pancreatic enzymes and alterations in the liver; pulmonary problems include in particular chronic inflammation and recurrent and chronic infections with Pseudomonas aeruginosa (P. aeruginosa) and Burkholderia cepacia, but also with Staphylococcus aureus and Haemophilis influenzae. The cause of the chronic inflammation experienced by CF patients and the reasons for their high sensitivity to pulmonary infections are unknown.
Because CFTR exhibits chloride channel activity, it was speculated that water absorption by the mucus present on the epithelial cells of the respiratory tract may be altered, and that these alterations may result in reductions in mucociliary clearance and in the ability to eliminate P. aeruginosa [3] . The increased viscosity of the mucus may also affect the ability of neutrophils to migrate to and kill bacteria in the respiratory tract. However, although in vitro experiments suggested the concept of reduced mucociliary clearance in cystic fibrosis, in vivo studies involving CF patients failed to demonstrate a significant and uniform reduction in mucociliary clearance [4] . Furthermore, CF patients do not seem to exhibit a general defect of neutrophil functions.
Recent studies have suggested that one of the leading causes of bacterial infections in CF patients is an imbalance between pro-and anti-inflammatory cytokines in the airways. It has been demonstrated that, compared with control cells, cells lacking functional CFTR secrete higher amounts of interleukin (IL)-1, IL-8/keratinocyte chemoattractant (KC), tumor necrosis factor (TNF)-α, and macrophage inflammatory protein (Mip)-2 even prior, but in particular upon infection with P. aeruginosa [5] [6] [7] [8] [9] [10] . Levels of IL-8 in the trachea are already higher in naïve human tissue than in that from healthy controls [7] , whereas the synthesis of anti-inflammatory cytokines, in particular IL-10 [11] , has been shown to be lower in Cftrdeficient mice under basal conditions and after infection with P. aeruginosa. The increased release of proinflammatory cytokines from Cftr-deficient epithelial cells correlates with a constitutive activation of nuclear factor (NF)-κB in these cells [12] . At present, the mechanisms by which a defect in Cftr increases the activity of NF-κB, enhances the release of proinflammatory cytokines, and decreases the formation of anti-inflammatory cytokines are unknown.
However, the first clear evidence of chronic inflammation in the lung of CF patients before infection was provided by studies of aborted fetuses [13] . These studies showed that the levels of some markers of inflammation were significantly higher than normal in the lungs of these fetuses. In addition, inflammatory markers have been detected in bronchoalveolar lavage fluid from CF patients as young as four weeks of age, even though cultures tested negative for CF-related bacteria, viruses, and fungi [14] .
Here, we investigated the role of ceramide in inflammation in the lungs of CF mice. At present the role of ceramide in aseptic inflammation has been only poorly characterized. Previous findings by R. Kolesnick et al. have demonstrated that stimulation of cells via the IL-1 receptor activates acid sphingomyelinase [15] . Furthermore, stimulation of macrophages results in a release of secretory sphingomyelinase [16, 17] . Studies of microglial cells, fibroblasts and enterocytes demonstrated that acid sphingomyelinase is required for the synthesis and secretion of IL-1 [18] and metalloproteases [19, 20] ; these findings strongly suggest that the enzyme is involved in inflammatory processes. However, none of these findings defines the molecular mechanisms by which a constitutive accumulation of ceramide triggers inflammation. Many recent studies have determined that a multiprotein complex consisting of Nod-like receptor (NLR) proteins, the adapter protein apoptosis-associated speck-like protein (ASC), and caspase 1 are crucial for the induction of inflammatory [21] . NLRP1 and NLRP3 require ASC if they are to associate with and activate caspase 1, whereas NLRC4 seems to be able to activate caspase 1 independent of ASC [21, 22] . The multiprotein complex of NLR proteins, ASC, and caspase 1 is termed inflammasome. The stimulation of caspase 1 is the final event in the formation of inflammasomes. Caspase 1 is essential for the cleavage of IL-1 and IL-18 and the maturation of pro-proteins [2] . At present it is unknown whether the inflammasome is activated and whether ceramide is involved in the regulation of the inflammasome in CF lungs. We and others have previously shown that Cftr-deficiency results in an accumulation of ceramide in the lung, trachea, intestine and in macrophages [23] [24] [25] [26] [27] [28] [29] [30] [31] . The accumulation of ceramide in Cftr-deficient cells is corrected by pharmacological inhibition of the acid sphingomyelinase or upon reduction of the gene dose of the acid sphingomyelinase in mice deficient for Cftr and only heterozygous for the acid sphingomyelinase. The beneficial effect of a pharmacological inhibition of the acid sphingomyelinase in CF lungs was recently also demonstrated in clinical studies treating CF patients with the pharmacological inhibitor of the acid sphingomyelinase amitriptyline [32] .
Here, we investigated the role of ceramide in inflammasome activation in CF lungs and the molecular consequences of this process, in particular consequences on the cytoskeleton and tight junctions within the lung.
Materials and Methods

Mice
B6.129P2(CF/3)-Cftr
TgH(neoim)Hgu (abbreviated Cftr -/-) congenic mice were previously described [23] . Syngenic B6 littermates were used as controls. Cftr -/-mice were crossed with acid sphingomyelinase-deficient mice that are also on a C57BL/6 background to obtain mice that were deficient in Cftr and heterozygous for acid sphingomyelinase (called Cftr
; Smpd1 is the gene symbol for acid sphingomyelinase). As control mice we used syngenic wildtype littermates. All studies were performed with mice at an age of 16-20 weeks. Mice were housed in the Central Laboratory Animal Facility of the University Hospital Essen, University of Duisburg-Essen, Germany, in isolator cages that provided a pathogen-free environment. The hygienic status of the mice was repeatedly tested by a panel of common murine pathogens according to the 2002 recommendations of the Federation for Laboratory Animal Science Associations. Bacterial and parasite culturing and serology were always negative. All procedures performed on mice were approved by the Animal Care and Use Committee of the Bezirksregierung Duesseldorf, Duesseldorf, Germany.
PCR
Cftr was analyzed by using the primers 5'-ccttccatgtacccctcctcactt-3´ and 5'-cccggcataatccaagaaaattg-3´ to detect wildtype Cftr and 5'-ctcgtgctttacggtatcgcc-3´5'-tgctgtagttggcaagctttga-3´ to detect the knock-out genotype. Asm was detected by the primers 5'-cgagactgttgccagacatc-3´, 5'-ggctacccgtgatattgctg-3´ and 5'-agccgtgtcctcttccttac-3´.
Ceramide measurements
Ceramide concentrations in the lung were determined by a DAG-kinase. To this end, the lungs were removed, shock frozen, and homogenized under liquid nitrogen. The homogenates were transferred to 300 µL CH 3 OH, an aliquot was removed to normalize for protein by a Bradford assay. Homogenates were then brought to 600 µL CHCl 3 :CH 3 OH:1N HCl (100:100:1, v/v/v), 200 µL H 2 O were added and the samples were vigorously vortexed. The samples were centrifuged for 5 min at 14,000 rpm to promote phase separation, the lower phase was collected and dried. The samples were resuspended in 20 µL of a detergent solution (7.5% [w/v] n-octyl glucopyranoside, 5 mM cardiolipin in 1 mM diethylenetriaminepentaacetic acid), bathsonicated for 10 min, and the kinase reaction was initiated by the addition of 70 µL of a reaction mixture consisting of 10 µL DAG kinase (GE Healthcare Europe, Munich, Germany), 0.1 M imidazole/HCl (pH 6.6), 0. 
Western blots
For western blot studies, lungs were removed, shock-frozen in liquid nitrogen, homogenized under liquid nitrogen and the homogenates were lysed in 150 mM NaCl, 25 mM TrisHCl, pH 7.4, 10 mM EDTA, 10 mM sodium-pyrophosphate, 3% NP40, each 10 µg/ml aprotinin and leupeptin, 5 µL 5x SDS Laemmli buffer was added, and proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), incubated with anti-phospho-JNK antibodies, anti-Asc antibodies, anti-ZO-1 or anti-ZO-2 (all antibodies as above, diluted 1:1000), and developed with alkaline phosphatase-coupled secondary antibodies and the Tropix chemoluminescence system.
ELISA
Lungs of the indicated mouse strains were homogenized in liquid nitrogen and lysed in 25 mM Tris/ HCl, pH 7.4, 2% Nonidet P40, 125 mM NaCl, 10 mM EDTA and 10 mM sodiumpyrophosphate. Cytokine concentrations were determined by commercial ELISA assays according to the manufacturer's instructions (R&D, Wiesbaden-Nordenstedt, Germany).
Statistics
Values are expressed as mean ± SD. Significant differences were determined by using t-test.
Results
In an attempt to identify molecular mechanisms by which ceramide accumulation mediates (aseptic) inflammation in cystic fibrosis lungs, we investigated whether ceramide accumulation results in the activation of caspase 1 and JNK. Our findings revealed an upregulation of caspase 1 in bronchial epithelial cells of cystic fibrosis mice and a translocation of caspase 1 to the apical membrane of these epithelial cells (Fig. 1A) consistent with previous findings [33] . The translocation of caspase 1 correlates with an activation of caspase 1 in CF lungs as previously shown by us [33] . Likewise, we observed membrane translocation (Fig. 1A-C) , a finding suggesting that these events are downstream of ceramide. Heterozygosity of the acid sphingomyelinase has been previously shown to normalize pulmonary ceramide levels, which was confirmed here (Fig. 1D) .
To further confirm the relation between ceramide and the inflammation in CF cells, we investigated the cellular distribution of a key component of the inflammasome, i.e. adapter protein apoptosis-associated speck-like protein (Asc). Asc has been shown to associate with caspase 1 upon induction of the inflammasome [21, 22] . We, thus, investigated whether Asc is clustered on the cell membrane in Cftr-deficient cells. The results (Fig. 2A) show clustering of Asc in bronchial epithelial cells of Cftr-deficient mice, which was absent in epithelial cells from wildtype mice and corrected by heterozygosity of the acid sphingomyelinase. In addition, Asc is up-regulated in lungs of Cftr-deficient mice, a phenotype that was also corrected by heterozygosity of the acid sphingomyelinase (Fig. 2B ).
To further demonstrate the role of caspases in the induction of inflammation in the lungs of Cftr-deficient mice, we treated these mice with the caspase 1 inhibitor Ac-YVAD-cmk, which was intraperitoneally injected twice daily over a period of 7 days. The results show that the application of this inhibitor markedly reduced the concentration of proinflammatory mediators in the lungs of Cftr-deficient mice (Fig. 3) .
Because activation of caspase 1 and stimulation of the inflammasome is able to influence tight junctions, we investigated whether the integrity of tight junctions is altered in Cftrdeficient mice. A previous report has demonstrated a downregulation of ZO-1 and JAM in biopsy materials from CFTR-deficient human patients [34] ; however, no further defects are known. 
/Smpd1
+/-mice were stained with Cy3-coupled anti-ZO-2 or Cy3-coupled anti-occludin antibodies and were analyzed by confocal microscopy. Shown are representative studies from groups of 5 animals. (C) The western blot studies are from lung homogenates that were lysed as above, separated on 8.5% SDS-polyacrylamide gel electrophoresis (PAGE), and developed with anti-ZO-1 or anti-ZO-2 antibodies. The results demonstrate a down-regulation of ZO-1 and ZO-2 in the lungs of Cftr-deficient mice, which is corrected by genetic inhibition of acid sphingomyelinase. Shown are representative studies from groups of 8 animals. 
Cellular Physiology and Biochemistry
Our fluorescence and confocal microscopy data show that the subcellular distribution of the tight junction proteins ZO-2 and occludin is altered and appears fragmented in the bronchi of Cftr-deficient mice (Fig. 4A,B) , whereas the staining of claudin 1 and cadherin did not differ between wild-type and Cftr-deficient mice (not shown). Genetic heterozygosity of acid sphingomyelinase in Cftr -/-
/Smpd1
+/-mice normalized the staining for ZO-2 and occludin (Fig. 4A,B) .
In accordance, western blot studies revealed a decrease in the expression of ZO-1 and ZO-2 in the lungs of Cftr-deficient mice, which was corrected by pharmacological inhibition of acid sphingomyelinase (Fig. 4C) . However, the expression of cadherin and occludin was not altered (not shown).
These findings indicate a distinct defect of some tight junction proteins in Cftr-deficient cells, which is mediated by the accumulation of ceramide.
Discussion
Here we demonstrate that the accumulation of ceramide in lungs of CF mice results in membrane recruitment of inflammasome proteins and activation of caspase 1. Caspase 1 seems to trigger a release of typical inflammatory mediators in the lung, such as IL-1β and KC/IL-8, which have been previously shown to be elevated in the lungs of CF mice and patients. This data links the accumulation of ceramide in CF lungs with an activaton of the inflammasome, a general and fundamental mechanism of inflammation.
CF lungs are characterized by chronic inflammation that may begin in individuals with CF as young as 4 weeks of age [14] . Bronchiolar lavage samples from CF individuals revealed increased levels of inflammatory cytokines and neutrophils in airways prior to measurable colonization of bacteria [14] . Studies on aborted fetuses [13] show an increase of inflammatory molecules, i.e. ICAM-1 and cyclooxygenase 2 (COX-2) in bronchial epithelial cells of CF fetuses, NFkB activation as indicated by a nuclear translocation of the p65 subunit and increased metalloprotease-1 activity in the cartilage of these airways. These findings suggest pulmonary inflammation prior to infection. The development of pulmonary inflammation seems to be slightly different in CF-pigs that develop infection first followed by pulmonary inflammation within a few months after birth [35] . However, finally, it seems to be irrelevant whether inflammation or infection is first, since they will form a vicious cycle in CF.
Here we provide a novel pathway to explain inflammation and in particular the release of IL-1β and KC/IL-8 in CF airways, i.e. the activation of the inflammasome by the increased ceramide levels in CF airways. The notion that ceramide activates the inflammasome is consistent with the previous findings that silencing the NLRP3-inflammasome attenuates ceramide-induced transepithelial permeability [36] .
At present it is unknown how ceramide activates the inflammasome. Ceramide may directly recruit and cluster Asc and thereby initiating activation of the inflammasome. However, we have previously shown that ceramide accumulation in CF airways also results in clustering and activation of CD95 [33] . Since clustering of CD95 in ceramide-enriched membrane domains is pre-requisite for signaling via this receptor [37, 38] , ceramide may also activate the inflammasome by clustering and stimulation of CD95. In addition, ceramide may trigger a slow, but constant release of reactive oxygen species in epithelial cells from cystic fibrosis mice by clustering NADPH-oxidase in ceramide-enriched membrane domains as previously shown for instance in podocytes, endothelial cells, monocytes and macrophages [39] [40] [41] [42] [43] .
JNK has been shown to be involved in many stress and inflammatory signaling pathways [44] . However, the role in cystic fibrosis is poorly characterized. Activation of JNK might be involved in regulation of IL-8 formation [45] and thereby contribute to the release of cytokines elicited by activation of the inflammasome.
Many inflammatory diseases that affect epithelial cell layers result in changes in the tight junctions. These changes in the function of tight junctions may be crucially involved in the initiation and perpetuation of inflammatory diseases.
Experiments using lung biopsy tissues from CF patients showed that ZO-1 and JAM are downregulated in the bronchial epithelial cell layers [34] , consistent with our findings. We, furthermore demonstrate a reduced expression of ZO-2 and a change of the cellular distribution of occludin in CF cells. Claudin 1, 3 and 5 expression levels have been reported to be unchanged in cystic fibrosis, and the transepithelial resistance in the epithelium of human CF airways is also not significantly different from that of non-CF samples, at least in in vitro cultures [46] . These findings suggest that tight junctions are distinctly altered in cystic fibrosis, whereas the overall barrier function of tight junctions does not seem be affected.
Treatment of cystic fibrosis patients with amitriptyline, a functional inhibitor of the acid sphingomyelinase, has been shown to improve lung functions, in particular the forced expiratory volume [32, 47] . The present studies suggest that normalization of ceramide levels should also reduce or even prevent the chronic inflammation present in the airways of cystic fibrosis patients.
In summary, we provide evidence for a novel pathway triggered in vivo in CF airways upon accumulation of ceramide, i.e. the stimulation of the inflammasome, caspase 1 and finally the release of pro-inflammatory cytokines as well as a distinct alteration of the cytoskeleton.
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